ABSTRACT: Determination of the total structure of molecular nanocrystals is an outstanding experimental challenge that has been met, in only a few cases, by singlecrystal X-ray diffraction. Described here is an alternative approach that is of most general applicability and does not require the fabrication of a single crystal. The method is based on rapid, time-resolved nanobeam electron diffraction (NBD) combined with high-angle annular dark field scanning/transmission electron microscopy (HAADF-STEM) images in a probe corrected STEM microscope, operated at reduced voltages. The results are compared with theoretical simulations of images and diffraction patterns obtained from atomistic structural models derived through first-principles density functional theory (DFT) calculations. The method is demonstrated by application to determination of the structure of the Au 144 (SCH 2 CH 2 Ph) 60 cluster.
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SECTION: Molecular Structure, Quantum Chemistry, and General Theory T he problem of adequately determining atomic structure at the nanoscale is one that eludes a broadly applicable solution and thereby undermines the confidence of researchers investigating nanostructured materials and nanotechnology generally. 1 An exception is the total determination of molecular structure by single-crystal X-ray diffraction, but this method has been applicable in only a few cases, including Pd 145 and Au 102 metallic cluster compounds, that are mainly in the sub-3-nm range. 2, 3 This is because it requires a homogeneous, macroscopic (≫ 1 μm), single crystal of oriented molecules. Preparation of samples with such a high degree of ordering is unattainable for the vast majority of interesting nanocrystal materials. Electron diffraction (employing state-of-the-art electron microscopy instruments) has the sensitivity for total determination of a single nanostructure, but succeeds mainly on a larger scale (≫ 3 nm) and for nonmolecular nanocrystals. The reasons for this are varied, including intrinsic or induced mobility, damage during long exposure times, the requirement to sample many nonequivalent orientations, and the need to measure a statistically significant number of equivalent structures. These factors combine to bring an uneasy uncertainty regarding the eventual wide use of the electronmicroscopy-based electron-diffraction technique to nanocrystals in the small nanoscale range (e.g., particles with ≤3 nm diameter).
Here we describe and implement a rapid electron-diffraction method that surmounts most of these obstacles. We demonstrate the practicality of this method by determining t h e a to m ic s tr uc t ur e o f t h e c h ir a l-ic o s a h ed ra l (Au) 144 (thiolate) 60 structure, which has been among the most widely discussed unsolved puzzles of recent years. In this way, nanotechnology 4 has moved from the initial era of uncontrolled synthesis to a more stringent control of the shape, size and crystal structure of materials in the nanoscale size range. There is now a wide consensus among the research community that no useful application of these materials at an industrial level can be achieved without fully controlling the synthesis of these compounds. 5, 6 In the case of metallic nanoparticles, the use of thiolate groups (e.g., 2-phenylethanethiolate) has achieved a more delicate control of the number of metal atoms and ligands. 7−10 However, the determination of the atomic structure of the metal cores has proven to be most challenging. It is generally accepted that the best and most reliable approach is X-ray crystallography. Unfortunately, to grow high-quality single crystals of (Au) n (SR) m clusters is, in general, very difficult, albeit breakthroughs have been made recently in the cases such as Au 102 (SR) 44, Au 25 (SR) 18 and Au 36 (SR) 24 clusters. 3,11−14 Overall, single crystal growth is still among the outstanding challenges of gold thiolate cluster research.
The alternative approach introduced and demonstrated in this paper does not require the fabrication of a single crystal, and, consequently, it promises to be of broad applicability. Our method is based on the combination of low-voltage scanning/ transmission electron microscopy (STEM) electron diffraction and high-angle annular dark field scanning/transmission electron microscopy (HAADF-STEM) images in a probe corrected STEM microscope. This is combined with theoretical calculations of images and diffraction patterns and density functional theory (DFT) calculations of the particle structure. We have applied the method to the structure determination of a thiolate-protected gold cluster compound, namely Au 144 (SCH 2 CH 2 Ph) 60 , hereafter denoted by the symbol 1.
The synthesis and purification of 1 have been accomplished by literature procedures, as described in the Supporting Information (SI). 5, 15 The samples were characterized by mass spectrometry (matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS)) and by optical absorption spectroscopy (ultraviolet−visible−near-infrared (UV−vis−NIR)), as well as by high-resolution transmission electron microscopy (TEM), with results that are in substantial agreement with those published previously for the pure compound (see Figures  S1 and S2 in the SI). The TEM/STEM sample grid was prepared by placing 3−4 drops of dilute solution on a holey carbon film coated Cu grid (3 mm, 300 mesh) and dried under room temperature. The HAADF-STEM images, nanobeam diffraction (NBD) patterns, were recorded in a probe Cscorrected JEOL JEM-ARM 200F operated at 80 kV. HAADF-STM images were obtained with a convergence angle of 26 mrad and the collection semiangles from 50 to 180 mrad. The probe size used was about 0.09 nm with a probe current of 22 pA. In addition, bright field (BF) STEM images were recorded by using a collection semiangle of 11 mrad.
The present understanding of the structure of compound 1 and analogous Au 144 (SR) 60 compounds has been altered by recent NMR experiments 16 indicating that all 60 thiolates are in symmetry-equivalent configurations, which implies a higher effective symmetry than is present in earlier models. 17 Accepting this symmetry equivalence, established for the Au 144 (pMBA) 60 clusters, the question arises, What kind of structure can be consistent with this 60-fold equivalent symmetry? It is incompatible with the reflection symmetry of the full icosahedral group (I h , of order 120), because each thiolate group is a low-symmetry object. Rather, only the rotational symmetries, about the axes {15 × C 2 , 10 × C 3 , 6 × C 5 }, can be preserved, as in the icosahedral rotation group, or chiral-icosahedral group* (designated I, of order 60). Each of the 60 thiolates is located off these rotation-axes, such that an operation swings the thiolate (SR)-configuration into another ligand's position. This is best conveyed by considering an actual I-symmetry compliant structure (e.g., the optimized structure model described immediately below and displayed in Figures  1−3 ), or the appropriate ideal polyhedron; for a clear exposition of the classification, characteristics, and symmetries of polyhedra, see ref 18 .
In light of the constraints posed by the above considerations, one may readily deduce a plausible structure model by working from the outside inward. First, pairing of the thiolates is accomplished by inserting an Au adatom into each pair (i.e., RS-Au-SR); these 30 adatoms lie along the 15 C 2 axes. Then, to complete the 30 "staple motifs", it is necessary only to position 30 pairs of "anchoring" Au atoms, beneath (radially inward) from the thiolate S-atoms. These 60 Au atoms are equivalent but need not satisfy the I h group, as in the case of ref 2, and Figure 2 indicates they do not. These 30 equivalent staples (depicted in Figure 1 right), i.e., Au 90 (SR) 60 , surround the remaining (144−90) 54 Au-atoms, for which it is only natural to assume an I-symmetry-compliant core, namely the classical Mackay-icosahedral structure with shells of 12 and (30 + 12) atoms (see the structure labeled Au 54 in Figure 1) ; the relationship between the 54-gold atom inner core, and the surrounding 60-gold atom shell is shown by the structure labeled Au 54 +Au 60 (sometime referred to as the 114-gold atom "grand core") in Figure 1 . This arithmetic implies the absence of a central atom, which can be rationalized as a strain-relief mechanism peculiar to gold's strong 5d z2 -6s hybridization. Interested readers may refer to the landmark paper describing the pseudoicosahedral Pd 145 compound 2 for an illuminating background on many aspects common to the 144-and 145- metal-atom structures, whereas we emphasize only the distinguishing features here.
The construction and optimization of the structure model described above has been achieved through large-scale electronic structure theoretical calculations (based on densityfunctional theory, DFT), with structural relaxations performed without any constraints. In these calculations, we have employed the ab initio Born-oppenheimer molecular dynamics (AIBOMD) method which has been originally formulated 19 for treating finite systems (charged or neutral), and the VASP DFT code; 20 for details see SI (section 2). Calculations applied to initial models constructed along the aforementioned principles, indeed resulted in energetically optimized structures (one of which, for R = CH3, is illustrated and characterized in Figures  1−3 ) that are fully I-symmetry compliant. Furthermore, the theoretically predicted structure possess a high degrees of order and symmetry as reflected by the sharply peaked distributions of interatomic distances and radial atomic shell radii shown in Figure 3 . This theoretically predicted structure model was used in the analysis of the measured data described in the following.
The reduced symmetry of the predicted structure model in comparison with some other common polyhedral structures, such as the icosahedral or the decahedral motifs, is reflected in the diffraction patterns at different orientations. A full map in reciprocal space is presented in Figure S3 of the SI. We compare those patterns with the experimental ones obtained from individual particles using STEM diffraction. The NBD through the STEM imaging mode is controlled by the condenser lens system. The combination of probe-corrected STEM imaging and quasi-parallel beam diffraction (D-STEM) is obtained by positioning the beam in the STEM image at a single nanoparticle using the Digiscan control. The scan is stopped and positioned arbitrarily at a xy position on the screen. Subsequently, the electron diffraction pattern is recorded using a digital charge coupled device (CCD) camera. D-STEM mode works in the diffraction plane: the overlapping of the convergent disks is optimized by a compensation of the last condenser lens (C3) and the use of the adaptor lens (ADL) at the hexapole coils of the CEOS corrector. Iteratively, the beam is aligned by adjusting the tilt and shift deflectors in order to reduce the disk radius in the convergent pattern into spot reflections.
Key to the success of our method is the use of a reduced (80 kV) accelerating voltage in the microscope. This is essential in order to minimize radiation damage of the nanocluster by the incident beam. Parallel-beam diffraction with nanometer-sized coherent probe in STEM is the only way for recording reciprocal space data from individual nanoclusters. The convergent beam angle is modified by changing the focal lengths of the condenser lens and the adaptor lens of the probecorrector. Energy reduction to 80 kV in the STEM significantly reduces the radiation damage in the clusters. Diffraction modes in conventional TEM (convergent beam, selected area or nanodiffraction) have two important limitations: radiation damage may be significant, even when using low voltages, and the acquisition of precise electron diffraction (ED) data from individual clusters is problematic. In STEM mode we benefit from reduced damage due to the improvement of the probe size compared with TEM (probe-corrected). Further, the data collection is performed in a field of view that includes several isolated clusters. Subsequently, the scanning is stopped, and the collected ED data are recorded with a CCD camera (as videos) from all the clusters collected in the STEM-image (using the HAADF detector). Changes in the beam size only modify the g-vectors of the reflections and their diameters. In order to measure these g-vectors (reciprocal space), we calibrate the CCD camera under exactly the same conditions as used for the clusters, but this time with a silicon [110] standard. The calibration of the electron diffraction patterns leads to errors minor than 0.01 nm.
Atomic resolution is not obtained under these conditions because of the changes in the condenser lens; however, the beam size is thin enough to detect individual clusters as we show in Figure 4 . The electron diffraction patterns obtained in NBD-STEM preserve the symmetries of the clusters. These symmetries in the experimental and simulated patterns are employed in comparing the patterns with the use of the following aspects: number of reflections (first and second order), angles, distances, and relationship between g-vectors in the patterns. We note here that the symmetries of the clusters in the recorded data are preserved even when there are variations in the spot size. Using this methodology, we were able to acquire images for ∼20 s before the sample was damaged, its structure was altered irreversibly by the electron beam. In addition, in STEM nanodiffraction, we defocus the beam to a larger size, which allows for a much higher observation time of a single particle diffraction pattern without altering its crystal structure. As illustrated in Figure 4 (an image extracted from video 1 available in the SI), we focus the beam on a particle and subsequently move it to a nearby one. Since the particles are randomly oriented with respect to the electron beam, by exploring a large number of nanoparticles, we can obtain a full plot in 3-D of the nanoparticles in reciprocal space.
We can compare the experimental patterns to the theoretical ones calculated using a model that can be refined to fit the experimental diffraction patterns (see Figure 5) . In quantitative comparisons between calculated and experimental patterns, we employ a number of criteria including (a) all spots on the experimental pattern are accounted for and correspond to calculated ones; (b) angles between reflections should match with a 10% of error, with the error measured in the experimental and simulated reflections range from zero to a maximum of 2°; and (c) for every pattern diffraction pattern we also match the corresponding HAADF-STEM image and its fast Fourier transform (FFT). As aforementioned, prior to this comparison, the experimental patterns were calibrated with a silicon [110] standard sample and the g-vectors in the clusters were obtained with an agreement of 0.01 nm in real space.
The results for the Au 144 SR 60 cluster, displayed in Figure 5 for a number of orientations, show remarkable agreement between the measured and theoretically calculated patterns. The electron scattering or diffraction originates from interference among all the atoms in the structure. However, the brightest spots come from the atomic structure of the core, and the distances of the first reflections [(111) in face-centered cubic (fcc) notation] are between 2.26 Å and 2.44 Å as predicted by the optimized structure model. We also observed spots in the interval 2.47−2.49 Å. We assign those to diffraction from gold atoms attached to sulfur atoms (that is, the Au atoms in the stapling RS−Au−SR units) and the gold atoms on the surface of the grand core of the cluster (i.e., the 60-gold atom shell, see atoms colored brown in Figure 1 ), which as predicted by the optimized structure model exhibit stretched bond distances. The model calculated and used to obtain the electron diffraction patterns has been encapsulated in a Cartesian box using the conventional Miller indices; in this way the cluster can be considered as a particle contained in a subspace from the ⟨UVW⟩ coordinates. Simulations of electron diffraction patterns were made using the SimulaTEM software package. 21 We consider six different directions to rotate the simulated patterns: ⟨100⟩, ⟨010⟩, ⟨11̅ 0⟩, ⟨110⟩, ⟨111⟩ and ⟨112⟩, each from 0 to 360°(see the map illustrated in the Figure S3 of the SI). The whole set of electron patterns simulated were integrated in a stack of images and processed to create videos 2−7 in the SI. It is clear that due to the reduced symmetry of the structure, the diffraction patterns repeat themselves many times. Unlike an infinite crystal, nanoclusters of this size show only a limited number of different diffraction patterns.
If we keep the beam stationary on a particle, we observe that the diffraction pattern starts to change. Indeed, it is well documented that the electron beam produces rotations in clusters, which are reflected in contrast changes. 22−24 However, tilting of the particle away from a low-index orientation will broaden the spot and increase the error in the measured angle. In our case, we noted that the patterns would show various orientations of the map of Figure S3 of the SI, and then after several seconds the diffraction pattern starts to change. We interpret this as the possibility that the sulfur−gold bonds on the capping layer are altered or broken by radiation damage. After several more seconds of electron beam exposure, the core is affected and becomes a more ordered structure such as a full decahedral or fcc single crystal structure. We consider this as the point in which the cluster has been already altered by radiation damage. It is important to note that these observed structures do not reflect the original atomic arrangement of the cluster. Instead they correspond to an alteration of the structure by the electron beam. In any case, with a careful selection of proper operational parameters (including low beam voltage, beam defocusing, and reduced exposure times) we can collect reliable diffraction data (patterns) to allow extraction of structural information. We note here that we never observed the "periodic" oscillations reported recently for uncapped clusters. 25 We also obtained images of the clusters with atomic resolution using the STEM-HAADF with a probe-corrected electron microscope. We compared calculated images based on the theoretical model with experimental ones. The result is shown in Figure 6 for a number of images. We also included a comparison of its corresponding FFT. Similar to the electron diffraction patterns in NBD-STEM and the simulations, we found a remarkable agreement confirming the correctness of the optimized structural model. Figure 6b , and its corresponding electron diffraction pattern is shown in Figure  6b *. We note here that the reduced quality of the FFTs, whether experimental or simulated, is caused by the use of a projected image in 2D; the FFTs of those high-resolution images contain high frequencies that originate from the finiteness of the nanocrystal as well as the finite number of pixels in isolated particles. The orientation of that cluster is near a particular position (⟨110⟩ angle 80) used for simulations displayed in Figure S3 and shown in the videos included in the SI. The HAADF-STEM simulated image has been obtained by employing the QSTEM software package 26 using parameter values matching the experimental operational conditions of the aberration-corrected microscope. Since the DFT calculations to do not include thermal effects, we have employed the appropriate Debye−Waller factors in our simulations of the data.
It is desirable to quantify the comparisons between simulated and measured data, with the use of a reliability factor (R-factor) similar to the one defined in X-ray diffraction. However, in electron diffraction, the intensity of a spot is not related simply to the square of the structure factor because of dynamical effects; some reflections might not be simply related to the atomic positions. Also, measurement of intensities is difficult because of the nonlinearity of the detectors. The small volume of the cluster produces few reflections, even with a good calibration of the gain in the CCD camera; and intensities cannot be used in a straightforward manner like in X-ray diffraction. This is a result of the size and the flatness of the Figure 5 angle (degrees) ± 2 (error) spot experimental theoretical G1  24  25  G2  16  17  G3  25  23  G4  20  19  G5  21  18  G6  26  27  G7  23  19  G8 22 25 Ewald sphere in electron diffraction. It is pertinent to remark here that our method is based on quantitative comparisons of the spot positions and angles. The ability of our method to probe individual clusters rather than data recorded as an average, over a crystal containing a large number of clusters, as in X-ray diffraction (even with bright synchrotron sources), provides the impetus for further development of the methods of data acquisition and quantitative data analysis. In summary, we have shown here that a combination of STEM single particle diffraction with atomically resolved images obtained through the use of STEM-HAADF, in conjunction with calculation of images and patterns based on structure models obtained and optimized via theoretical firstprinciples (DFT) methods, can be used for the solution of the structure of thiolated clusters. We demonstrated this promising methodology through its application to a long-standing challenging problem, namely, the structure determination of the Au 144 (SR) 60 nanocluster.
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